Abstract We have investigated the genomic organization, the occurrence of alternative splicing and the differential expression of the zebrafish disabled1 (dab1) gene. Dab1 is a key effector of the Reelin pathway, which regulates neuronal migration during brain development in vertebrates. The coding region of the zebrafish dab1 gene spans over 600 kb of genomic DNA and is composed of 15 exons. Alternative splicing in a region enriched for tyrosine residues generates at least three different isoforms. These isoforms are developmentally regulated and show differential tissue expression. Comparison with mouse and human data shows an overall conservation of the genomic organization with different alternative splicing events generating species-specific isoforms. Because these alternative splicing events give rise to isoforms with different numbers of phosphorylateable tyrosines, we speculate that alternative splicing of the dab1 gene in zebrafish and in other vertebrates regulates the nature of the cellular response to the Reelin signal.
Introduction
The intracellular adaptor Dab1 is a key regulator of neuronal migration during brain development (Howell et al. 1997b (Howell et al. , 1999a Sheldon et al. 1997 ). The protein is composed of an N terminus domain of approximately 180 amino acids, named PI/PTB (protein interaction/phosphotyrosine binding domain), followed by a cluster of five tyrosines and a C terminus containing two consensus regions for the serine/threonine kinase Cdk5 (Howell et al. 1997a; Keshvara et al. 2002) . The PI/PTB domain binds a tetra-amino acid motif, Asn-Pro-X-Tyr (NPXY), present in several transmembrane proteins including members of the low-density lipoprotein receptor and amyloid precursor families (Trommsdorff et al. 1998; Howell et al. 1999b) . Two of these lipoprotein receptors function as receptors for Reelin (D'Arcangelo et al. 1999; Hiesberger et al. 1999) , a large glycoprotein implicated in the control of neuronal migration (D'Arcangelo et al. 1995) . Further confirmation that Dab1 conveys a Reelin signal in neuronal migration through lipoprotein receptors, came from the observation that mouse mutants for the four genes (Dab1, Reelin, ApoER2 and VLDR) show the same neuronal migration defects (Goffinet 1979; Howell et al. 1997b; Sheldon et al. 1997; Trommsdorff et al. 1999) .
Dab1 is present in the developing central nervous system (CNS), where it can initiate a phosphorylation cascade with multiple targets when phosphorylated on its tyrosine residues (Howell et al. 2000; Ballif et al. 2003) . These targets include the Src family kinase Fyn (Arnaud et al. 2003b; , the PI3K pathway and various SH2 domain adaptor proteins, including Nckß (Pramatarova et al. 2003) , Crk and CrkL (Ballif et al. 2004; Chen et al. 2004; Huang et al. 2004) . Tyrosine phosphorylated Dab1 is also a target of the proteasome/ubiquitin machinery (Bock et al. 2004) .
The genomic organization of Dab1 is very complex; analysis of human and mouse Dab1 genomic sequences revealed that it is composed of 14 exons, spanning over 1.1 Mb and giving rise to at least five alternative tissuespecific splicing events in mouse plus several alternatively Communicated by M. Hammerschmidt spliced 5′-untraslated regions (5′UTRs) with different promoters (Bar et al. 2003) . Although alternative splicing contributes significantly to protein diversity in eukaryotes, there have been relatively few studies on the identification, differential expression and functional diversification of alternative spliced isoforms. In this study, we have investigated the occurrence of alternative splicing in the zebrafish dab1 gene.
During characterisation of a zebrafish dab1 clone, we found that the predicted amino acid sequence lacked three of the five conserved tyrosine located downstream of the PI/PTB domain. This prompted us to investigate whether this was due to alternative splicing. Therefore, we undertook a study of the genomic structure of dab1 using the reported organization of human and mouse Dab1 genes as reference (Bar et al. 2003) . Our study demonstrates that the zebrafish dab1 gene shows a high degree of complexity in its genomic structure, and different isoforms show temporal and tissue-specific expression.
Materials and methods

Cloning
To identify zebrafish dab1 cDNA clones, we screened a micro-arrayed adult zebrafish brain library distributed by RZPD (library no. 611) with a cDNA fragment corresponding to nt 450-1311 of mouse Dab1-555 (GenBank accession no. NM_010014). This fragment was obtained through polymerase chain reaction (PCR) using an E13.5 mouse brain cDNA as template. Hybridisation yielded a number of positive clones, which were analysed for their sequence and expression pattern. In situ hybridisation for two of these clones with identical sequence gave a neuronal specific pattern. Conceptual translation yielded an open reading frame (ORF) of 538 amino acids, similar to that of mouse and human Dab1. Screening the available zebrafish expressed sequence tags (EST) databases for possible dab1 isoforms revealed only one entry with this feature (acc. no. gi:38652136) corresponding to the first 184 nt in the 5′ UTR region of our clone and then changing abruptly. No ORF was present in this clone. Other EST clones corresponded to parts of transcriptional variant 1 of dab1 (dab1_tv1) (see below). However, we predicted and confirmed with reverse transcription-polymerase chain reaction (RT-PCR) the presence of different isoforms of zebrafish dab1 on the basis of the analysis of genomic sequence (see below).
Reverse transcription-polymerase chain reaction Total RNA was extracted using Trizol (Invitrogen) at various stages from pools of approximately 50 zebrafish embryos and larvae at the following stages: 1-32 cells, 8 somites, 30 and 48 hours post-fertilisation (hpf), 3 and 5 days post-fertilisation (dpf). Total RNA was also extracted from three adult brains. The synthesis of cDNA from 500 ng total RNA was primed by oligodT or random primers and performed with Superscript II RT (Invitrogen) for 1 h at 42°C following the manufacturer's instructions.
The following primers were used:
-Forward exon 5: CTACATCGCGAAGGATATCAC -Reverse exon 10: GGACATGTCTCCAAAAAGCTC -Reverse exon 8: CTGATATATGCTCTCCTCTGAT GG -Reverse exon 9: TCACTGGATGTCGCTTTGGGA -Forward exon 8: CATTGTATTTGAGGCGGGACAC In addition, primers in all other exons (see supplementary Table S1 ) were used in various combinations to confirm the results presented here.
Fish strains
Danio rerio of wild type and transgenic lines were from the University College London (UCL) Zebrafish Facility. The transgenic (islet-1-GFP) line was donated by H. Okamoto (Higashijima et al. 2000) .
In situ hybridisation
An antisense probe, which recognises predominantly dab1_tv1, was generated by linearisation with SalI and in vitro transcription with SP6 in the presence of dig-labelled ribonucleotides (Roche). To generate the template for exon 8 + 9, we used RT-PCR on total RNA extracted from 5 dpf zebrafish larvae. The primers used were forward exon 8 and reverse exon 9. The PCR product was cloned in PCR2.1 using Topo, TA cloning Kit (Invitrogen), sequenced and linearised using BamHI. The sequence of this probe is provided in the supplementary Table S1 . In vitro transcription was performed as described. The differential localisation of the two isoforms was assessed in tg(islet1-GFP) embryos (Higashijima et al. 2000) using double staining for green fluorescent protein (GFP) (immunostaining) and cRNA (in situ hybridisation).
Sequence and genome alignments
For the identification of the genomic clones containing the dab1_tv1 sequences and the localisation of the exons, we used the Blast tool from National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/blast). The database used consisted of Bac clones fully sequenced by the Sanger Institute and deposited in Genebank without annotations. The zebrafish sequences used for exon searching were selected on the basis of comparisons with the reported mouse exon/intron boundaries (Bar et al. 2003) . For the identification of the sequences encoding exon 8 and 9, we used mouse sequences to blast the clone BX248232. The same approach was taken for the missing exons 555*, 217* and 271*. For the comparative genomic analysis, we used the Blat tool (Kent 2002) at UCSC (http://genome.ucsc.edu/), the Zv4 release at the Wellcome Trust Sanger Institute (http:// www.sanger.ac.uk/) for the zebrafish genome, the NCBI Build 35 release for the human genome, the NCBI Build 34 release for the mouse genome and the WUSTL Feb 2004 release for the chick genome.
Results
Cloning of zebrafish Dab1
We identified a zebrafish dab1 cDNA clone through library screening. This clone encodes for a protein of 538 amino acids showing high similarity to other Disabled 1 proteins ( Fig. S1 ) and was named Danio rerio disabled1, transcriptional variant 1 (dab1_tv1, GenBank accession no. DQ 166810). RT-PCR analysis revealed the existence of a second transcriptional variant (dab1_tv2, Genbank accession no. DQ166811). Comparison of the longest isoforms of Dab1 from several species yielded the phylogenetic tree shown in Fig. 1 .
Next we analysed the genomic structure of the zebrafish dab1 gene using the genomic sequence provided by the Sanger Institute and validated the predicted exon/intron structure with RT-PCR and in situ hybridisation.
Identification of three genomic clones encoding dab1
We used stretches of sequences of about 30 nucleotides of zebrafish dab1_tv1 to electronically screen the zebrafish genomic database at NCBI. Three clones covering most of the genomic sequence of dab1 were identified. The size, coding sequences and contig assembly of these Bac clones are shown in Fig. 2a . Analysis of the sequences of the three Bac clones revealed that dab1_tv1 is encoded by 13 exons, mainly corresponding to those present in mouse Dab1(555) (Fig. 2a) . However, some exons differ or are missing suggesting that dab1_tv1 is one of several possible combinations of exons transcribed from the zebrafish dab1 gene. Most of all, the region containing the stretch of tyrosil residues, known to be important for signaling, differed notably from that of mouse Dab1(555). This prompted us to search the genomic sequence for additional exons encoding the missing tyrosine residues (see below).
Genomic organisation of the coding region
The dab1 coding region starts in exon 2, which harbors the start codon, and ends in exon 15 (Fig. 2a) . The position of the exons in the three Bac clones is shown in Fig. 2a . Although partially conserved, exon 14 does not contain a stop codon as in human and in mouse. The organisation of exon-intron and the splice junctions follow mostly the GT/ AG rules; however, intron 9 has a GG/AG junction ( Table 1 ). The length of the exons is similar to that of the same exons in the other species studied, whilst introns have variable lengths (Table 1) . PI/PTB of dab1, which binds Reelin receptors, is encoded by exons 3, 4, 5 and 6, whilst the phosphorylation domain containing five tyrosine residues is encoded by exons 6 (Tyr 185 ), 7 (Tyr 198 ), 8 (Tyr 200 and Tyr 220 ) and 9 (Tyr 232 ) similar to mouse and human Dab1. The carboxylterminal sequence containing a consensus sequence for the serine/threonine kinase Cdk5 is found in exon 13, as in mouse Dab1-555 (Fig. 2b) .
Comparison of the alternative splicing events of mouse and zebrafish dab1 genes Although the genomic structures of fish, avian and mammalian dab1 genes are very similar, there are differences in Fig. 1 A distance tree of the Dab1 proteins from human, primate, mouse, rat, chick, worm, fly (truncated at AA 693) and zebrafish. The accession numbers of the sequences used here are as follows: Homo NP_066566, Mus P97318, Rattus NP_705885, Gallus NP_989569, Macaca Q9BGX5, C. elegans NP_495732, Drosophila NP_066566 and zebrafish DQ166811 (dab1_tv2). For the Drosophila protein, we used the full length clone. The distance tree was drawn with the Neighbor-joining program from the Phylip package and rooted on mouse Numb (accession number: Q9QZS3) the alternative splicing events reported to occur in the various species studied. The zebrafish clone dab1_tv1 encodes for a protein containing the PTB domain and the serine residue phosphorylated in vitro by Cdk5 (Keshvara et al. 2002) but lacks exons 8 and 9. These two exons encode tyrosine residues Tyr 200 , Tyr 220 and Tyr 232 that may be important in Reelin signalling. Indeed, mice expressing a mutated form of Dab1, which cannot be tyrosinephosphorylated in response to Reelin, display a reeler-like phenotype (Howell et al. 2000) . A Dab1 isoform similar to zebrafish dab1_tv1, i.e. containing only Tyr  185 and Tyr  198 , has not been reported in other species. Moreover, other Dab1 isoforms such as Dab1-555* found in non-neuronal tissue in mammals (Bar et al. 2003) or the 217* and 271* forms found only in mouse (Howell et al. 1997a) do not seem to be present in zebrafish (see below). These isoforms have spliced in the exon 555*, 217* or 271*, none of which are present in the main form Dab1-555. For example in mouse Dab1-217*, the last three tyrosine residues are missing but the presence of an alternative polyadenylation signal in intron 7 results in a truncated Dab1 isoform (Howell et al. 1997a ). The mouse form Dab1-271* is Table 1 prematurely truncated, all the five tyrosine residues are present, but part of the C terminus is missing due to a stop codon inside exon 271* (Howell et al. 1997a) . A careful analysis of the sequence of the third zebrafish Bac clone using mouse sequences encoding for exons 217*, 555* and 271*, as in silico probes, shows that the zebrafish gene probably lacks these three exons that should be located between exon 8 and 10. Between exons 9 and 10, there is a long intronic sequence rich in AT repeats, which could harbor a stop codon, but with extensive RT-PCR analysis, we have not found any alternative splice form lacking the C terminus (data not shown).
Developmental profile of alternative splice forms expressed in zebrafish To identify expressed dab1 isoforms and determine their developmental profile, we used RT-PCR and in situ hybridisation analysis with oligos or probes designed to identify specific exons. First, we found that dab1 is expressed maternally and continues to be expressed before and after gastrulation (Fig. 2c) . Interestingly, also in mouse, Dab1-555 is expressed in pre-gastrulating embryos (expression profile of cDNA libraries at NCBI Unigene, and Howell et al. 1997a ). Second, we find that at least three alternative splice forms of Dab1 are expressed at different stages during zebrafish development (Fig. 2c) .
Using primers for exons 5 and 10 ( Fig. 2b) that amplify through the zone rich in tyrosines, we obtained a single band until 8 somite (s) stage, whereas from 24-30 hpf, a second larger band can also be amplified with the same primer pair; both bands persist until at least 1 month stage (Fig. 2c) . Sequence analysis of the two PCR bands showed that the smaller band, expressed throughout development, corresponds to dab1_tv1. The larger band contains sequence of two additional exons (exons 8 and 9). Thus a second isoform, dab1_tv2 similar to mouse Dab1-555, was identified. To better investigate which isoforms are expressed and when, we used different combinations of reverse primers specific for exon 8 or 9 with the forward primer specific for exon 5. One, two or three bands were obtained when using reverse primers for exon 8, 9 or 10. The presence of both exons 8 and 9 or solely of exon 9 sequences in the RT-PCR bands was confirmed by sequence analysis. Thus, a third variant, containing exon 9, but not exon 8, was also identified through RT-PCR.
Occurrence of alternatively spliced Dab1 isoforms in vertebrates
To check whether we had identified the correct dab1 gene and all its transcriptional variants reported in public databases, we aligned the sequence of dab1_tv1 and dab1_tv2 with the Zebrafish Genome (Zv4, Sanger Institute) using the BLAT tool at UCSC (Karolchik et al. 2003) . Both transcripts align with the genomic sequence starting from exon 4. Moreover, dab_tv1 aligns with dab1_tv2 in exons 5, 6 and 7, skips exons 8 and 9 and then aligns with the last four exons of dab1_tv2. The last two exons (14 and 15) are supported by EST belonging to a cDNA library prepared from adult brain. Furthermore, we found a reference sequence (RefSeq XM_681536) predicted by NCBI using GNOMON, an automated computational gene prediction method, that aligns perfectly with dab1_tv2 and dab1_tv1 (data not shown). The lack of genomic sequences supporting the first four exons suggests that the Zv4 assembly did not place them in the right contig. However, two of the three Bac clones are placed in the last release of the zebrafish genome assembly performed by the Sanger Institute (Zv5, http://www.sanger.ac.uk) and all the three clones will appear arranged as described in this paper in the next Vega release (http://vega.sanger.ac.uk/Danio_rerio/ personal communication, Dr. Mario Caccamo, Sanger Institute). We investigated the conservation of the sequences of the zebrafish dab1_tv2 exons 8 and 9 in different species: mouse, human, chick and zebrafish and looked for ESTs that lack these two exons. We found that these two exons are highly conserved in all species, with only a few ESTs lacking exon 8 (3 human, 1 mouse and 1 chick). Exon 9 is less conserved at the nucleotide level and aligns perfectly only with the human sequence; however, we could not find any ESTs lacking this exon in any species (data not shown, please contact the corresponding author for BLAT alignment). In situ hybridisation reveals that alternative splice forms are tissue-specific From the PCR analysis, it is clear that several alternative spliced dab1 mRNAs are expressed during development. To localise where these isoforms are expressed, we used two different probes: one against dab1_tv1 and one against exons 8 and 9 only. Probes against the PTB domain and C terminus domain show an expression pattern identical to the zebrafish dab1_tv1 probe (Fig. 3a,c) . By contrast, the probe specific for exons 8 and 9 revealed a pattern of expression that differed substantially both temporally and spatially from the others (Fig. 3d) .
First of all, the probe recognizing common regions of all dab1 isoforms reveals a widespread expression pattern at the level of the forebrain, midbrain and hindbrain (Fig. 3a) . In contrast isoforms containing exons 8 + 9 are initially expressed exclusively in the mesencephalic tegmentum and in some of the hindbrain cranial nerve nuclei (Fig. 3b) . It is interesting to note that outside the brain, dab1_tv1 is expressed beneath the notochord, possibly in cells of the pronephric ducts (arrows, Fig. 3c ), whereas the dab1 isoform containing exons 8 and 9 is never expressed in that area (Fig. 3d) . At later stages (48 hpf), dab1_tv1 is still expressed in the forebrain (arrows, Fig. 3e ) and throughout the midbrain and hindbrain, whereas the dab1 isoform containing exons 8 and 9 is faintly expressed in the midbrain and hindbrain (Fig. 3f) . At 5 and 14 dpf, the expression of dab1 isoforms with or without exons 8 and 9 in the telencephalon and cerebellum is comparable (data not shown). Interestingly, there are some differences in the hindbrain in the localisation of transcripts encoding for the two dab1 isoforms. Whereas presumptive pre-migratory and post-migratory facial motor neurons express predominantly dab1_tv1 (i.e. the isoform lacking exons 8 and 9, Fig. 3g ), migrating facial motor neurons, located in a paramedian string of tangentially migrating cells between rhombomere (r) 4 and r6 also express dab1_tv2 (i.e the dab1 isoform containing exon 8 and 9, arrows, Fig. 3h ).
Discussion
Comparison of the genomic organisation of the dab1 gene between species
The genomic organisation of the mammalian dab1 gene shows an unusual complexity at the level of the coding region, which is about 5.5 kb long (including exons 1-14) and spans more then 1.1 Mb of DNA in the mouse and human genomes. Similarly in zebrafish, the dab1 gene spans more than 600 kb for a coding region of at least 1.8 kb (including exons 2-15). Analysis of the sequences of the Bac clones shows that the main functional domains, the location of exon/intron boundaries and the length of the exons are conserved between fish and human/mouse dab1 genes. The most significant differences between the zebrafish dab1 gene and that of other species are that introns in the Danio rerio dab1 gene are shorter than in human and mouse (see Table 1 and Bar et al. 2003) . It is interesting to note that in Drosophila, the disabled gene has even smaller introns and extends over 12 kb of genomic DNA (Gertler et al. 1989) , suggesting that the large size of Dab1 in vertebrates depends on intron extension and is an evolutionary acquisition. Interestingly, we found that exon 14 does not contain the stop codon as in mouse and human Dab1 (Bar et al. 2003) . The stop codon of zebrafish dab1 can be found in exon 15. Moreover, exons corresponding to mouse 217* and 271* are absent from the zebrafish genomic sequence; in addition, we could not find any sequence coding for exon 555*, which is present in all other vertebrates analysed and is duplicated in human and mouse. It might be that these exons have been acquired through mammalian specific events (retroviral or retrotransposome insertions) and sub-serve specific functions that became important during evolution. One possibility, which will be discussed at the end of the next paragraph, is that the mouse isoforms Dab1-217* and Dab1-271* exert a function similar to that of zebrafish dab1_tv1 (i.e. the isoform lacking exons 8 and 9).
Dab1 isoforms might have dominant negative effects and influence positive feedback control
From the analysis of dab1 expression through in situ hybridisation, it appears that Dab1 isoforms in vertebrates are sometimes expressed in the same tissue at the same stage of development or in different subpopulations of cells depending on the stage of development (Bar et al. 2003; Katyal and Godbout 2004) .
Of particular interest is dab1_tv2 containing exons 8 and 9, which appears to be expressed in a spatial and temporal specific manner in subdivisions of the CNS when certain neurons are migrating to reach their final destination. We think that the presence of exons 8 and 9, which contain three more tyrosines (corresponding to Tyr 198 , Tyr 220 and Tyr 232 in mouse) in addition to those present in dab1_tv1, may be crucial for the development of hindbrain neurons. This isoform is expressed from 24-30 hpf, at the time when facial motor neurons migrating from r4 are reaching their final destination in r6-r7 (Chandrasekhar et al. 1997) . Two alternative splice forms, chDab1-E and chDab1-L, were found in the chick retina (Katyal and Godbout 2004) . ChDab1-E lacks two tyrosine (corresponding to Tyr 198 and Tyr 220 ), which are usually phosporylated upon activation of the Reelin pathway; this isoform is suggested to be able to block the transduction of the Reelin signal when expressed in some neuronal populations. ChDab1-L contains all the five tyrosine and thus provides a substrate for full phosphorylation upon Reelin signaling. The data suggest that only those neurons expressing chDab1-L are able to grow neurites in response to the Reelin signal (Katyal and Godbout 2004) . By analogy, dab1_tv2 may be fully functional, whereas dab_tv1 may antagonise such function.
All Dab1 isoforms reported so far have the same N terminus, which contains the PTB/PI domain. These data suggest that all isoforms could be competing for the same receptors (i.e NPXY motives in the cytoplasmic tail of lipoprotein receptors), but only the isoform with a full complement of tyrosines could transduce the Reelin signal, while the other isoforms could work as dominant negative because they lack most of the tyrosine phosphorylation domain, i.e. block the receptor interacting domain without signalling. The binding of these presumptive dominant negative isoforms could result not only in the inhibition of the Reelin signaling but also in accumulation of Dab1, because unphosphorylated Dab1 isoforms do not became ubiquitinated and, therefore, are not degraded via the proteasome pathway (Arnaud et al. 2003a; Morimura et al. 2005) .
The unphosphorylated isoforms could accumulate in the cytosol and participate in other pathways. Indeed, it is possible that combinations of different phosphorylation sites can result in the binding and activation of different targets. In mouse, alternative splicing also generates isoforms with reduced number of tyrosines. Dab1-217* has the same complement of tyrosines as Danio rerio dab1_tv1, but its C terminus differs substantially due to premature truncation (Howell et al. 1997a) . Nevertheless, this and other truncated forms (i.e. Dab1-271*) are likely able to compete with Dab1-555 for the binding to the Reelin receptors without relaying further the Reelin signals, thus, functioning as modulators. The same function could be performed by the isoform dab1_tv1, since in zebrafish exons corresponding to 217* and 271* have not been found. In other words, the complexity of the dab1 gene may be an evolutionarily conserved strategy to achieve functional regulation of Dab1 phosphorylation through alternative splicing.
Dab1 may play other roles in addition to the regulation of neuronal migration. In mouse, the isoform Dab1-555*, containing the tyrosine residues and the PTB domain, is expressed in kidneys, liver and generally in non-neural tissue (Howell et al. 1997a) . These data suggest that in mouse at least one Dab1 isoform exerts a role different than the regulation of neuronal migration. In zebrafish, dab1_tv1 is expressed in the pronephric ducts, blood vessels and branchial arches (AC, SWW, MM, unpublished data). Mouse mutants for Dab1 have a phenotype largely restricted to neuronal migration; however interpretation of the mouse mutant phenotype is complicated because the yotari and scrambler mutants (Howell et al. 1997b; Sheldon et al. 1997 ) produce truncated proteins leaving open the possibility that these truncated forms of Dab1 maintain some functions. Indeed knock in of P45, a mDab1 truncated just at the 3′ of the tyrosine phosphorylation domain is a hypomorph for some Dab1 functions in hippocampal development (Herrick and Cooper 2002) . On the other hand, the occurrence of such a rich constellation of alternatively spliced isoforms of Dab1, for which no gene duplication seems to have occurred in fish (present work and Zebrafish Genome Project at http://www.sanger.ac.uk), fits well with the hypothesis recently reported by Kopelman et al. (2005) that "alternative splicing and gene duplication are inversely correlated evolutionary mechanisms".
